The gas chromatographm-mass spectrometnc method using selected-ion monitormg (CC-MS-SIM) described here quantitatively determmes the amount of DNA thymme replacement by 5bromouracrl (BU) after exposure to 5-bromo-2'-deoxyundme (BUDR) m as few as 10' cells DNA LS extracted, enxymatrcally hydrolyzed, the nucleic acid bases (with added internal standards, 54odouracd and 5-chlorouracd) are extracted mto ethyl acetate, concentrated and denvatlzed Hnth brs(trunethylsrlyl)tnfluoroacetarmde Thymme and BU are then quantltated by GC-MS-SIM Response 1s lmear to thymme over the range of 100-2000 ng per sample and BU of 1 3-52 ng per sample with a coefficient of variation of less than 10% and an accuracy for seeded samples within 8% of theoretrcal value With V79 cells m culture, exposure to mcreasmg BUDR concentrations (0 03-1 0 PM) results m mcreasmg thymme substitutron by BU over a range of l-28%
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Other -n-radiation [4] . This radrosensltlzatlon of cells mduced by exposure to BUDR has been shown to be directly related to the amount of DNA thymme replaced by 5-bromouracll (BU), and with sufficient mcorporation radiation sensltnnty can be increased from two-to three-fold [4--61 Quantltatron of DNA thymme replacement by BU using high-performance liquid chromatography (HPLC) [ 71, CsC1-CszS04 lsopycmc gradients [ 31 and monoclonal antibody with fluorescence microscopy and fluorescence activated cell sortmg techniques [8, 91 has been reported The HPLC method lacks sensltrvlty (requves 10' cells), the lsopycmc gradlent technique lacks both sensltlvlty and precuion, and it has not been adequately demonstrated that the monoclonal antibody procedures grve a quantitative measure of the replacement of DNA thymme by BU over a broad range of values [ 8, 91. Presented here 1s a gas chromatographlc-mass spectrometrlc method using selected-ion monitoring (GC-MS-SIM) which quantltatlvely determines the amount of DNA thymme replacement by BU m as few as 10' cells.
EXPERIMENTAL
Reagents
The reagents and suppliers were as follows Ethyl acetate and methanol (Burdock & Jackson Labs., Muskegon, MI, U S A ), monobasic ammonmm phosphate (J.T Baker, Phillipsburg, NJ, U S A.), ammonium sulfate (Mallmckrodt, St Louis, MO, U S.A ); BUDR, thymme, 5chlorouracll (CU), BU, 5-lodouracll (IU), DNAse I, phosphodlesterase, alkaline phosphatase, and thymldme phosphorylase (Sigma, St. Louis, MO, U S A.), bls(trlmethylnlyl)-trlfluoroacetamrde (BSTFA) (Pierce, Rockford, IL, U S A ).
Stock solutions
Thymme solution (0.1 mg/ml m methanol), BU solution (0.13 mg/ml m methanol), CU solution (0 1 mg/ml m methanol) and IU solution (0 1 mg/ml m methanol) were prepared and stored at -20°C. Saturated ammomum sulfate solution was prepared and stored at room temperature.
Standards
The BU stock solution was diluted 1.100 with water to yield the BU standard solution (1.3 pg/ml BU) The IU stock solution was diluted with water to yield the IU standard solution contammg 50 @g/ml IU. The thymme and CU stock solutions were used directly as standard solutions.
Quahty-control samples at three BU'thymme concentrations (2 6 200, 10 4:lOOO and 20.8*1500 ng BU.thymme per 0.10 ml) were prepared by spiking water with the appropnate volumes of the BU and thymme standard solutions. After mrxmg, O.l-ml ahquots were transferred to glass tubes, tightly capped and stored frozen at -30°C.
Two qualitycontrol samples of each concentration were included with every group of expenmental samples to be analyzed.
Chroma tographac condztzons
A Hewlett-Packard 5987A gas chromatograph-mass spectrometer equipped with a 25 m X 0.32 mm I D , fused-stilea, capillary column (cross-lmked 5% phenylmethylslllcone, 0.52 pm film thickness) was used in these determmations. The HP 5880 gas chromatograph oven temperature was programmed to hold at 100°C for 2 mm, then mcreased at 15"C/mm to 300°C The gas chromatograph inJection port temperature was 25O"C, the gas chromatographmass spectrometer interface heaters were set to 275°C and the mass spectrometer ion source temperature was 200°C The mass spectrometer was run in the electron-impact (EI) mode, electron energy of 70 eV and a multlpher voltage of 2200 V SIM at the following m/z positive ions was used to detect and quantltate the thymme and BU levels thymme, m/z 271, CU, m/z 276, BU,m/z319and321,andIU,m/z367.
Sample preparatzon
For analysis of DNA thymme replacement by BU, cell pellets were lysed and DNA isolated using standard techniques After twice washing the DNA precipitate with 2 ~01s. of 95% ethanol and vacuum-drying the pellet, the DNA was dissolved m 10 mM Trls buffer (pH 7 4) and dlgested with DNAse I, phosphodlesterase, alkaline phosphatase and thymldme phosphorylase (total volume 0 1 ml). The hydrolysis was quenched with 3 vols of saturated ammomum sulfate, the precipitate centrifuged and the supernatant contammg the hydrolysed base mixture assayed for its thymme and BU content To glass tubes (15 ml capacity) were added 0.1 ml DNA hydrolysate, 0 3 ml saturated ammomum sulfate solution (if not already added to quench the enzymatic hydrolys=), 0 1 ml of 0 1 M ammonium phosphate buffer (pH 6 7), 0 010 ml CU internal standard solution (1000 ng CU), 0 010 ml IU mternal standard solution (500 ng IU) and 4.0 ml ethyl acetate. The tubes were tightly capped and shaken for 15 mm at room temperature. After centrlfugatlon (room temperature) for 10 mm at 1200 g, the ethyl acetate phase was transferred to clean glass tubes and the ethyl acetate extraction was repeated. The combined organic extracts were concentrated to approximately 0 5 ml by evaporation m a heated vacuum centrifuge and then transferred to 3 0 ml capacity conical-bottomed reaction vials. The fmal evaporation to dryness was aided by a stream of air and heatmg to 45°C To each sample were added 0.040 ml BSTFA and the vials were sealed and heated to 85°C for 1 h. Up to 3 ~1 of the reaction mixture were mJected for GC-MS-SIM analylsls
Standard calzbratzon curve
Cahbratlon samples (0.10 ml distilled water) were spiked m duplicate with the appropriate volumes of thymme and BU standard solutions to concentrations ranging from 0 to 2000 ng per 0.10 ml thymme and from 0 to 52 ng per 0.10 ml BU, and subjected to the sample preparation procedure described above. Calibration curve samples were run mth each set of expenmental samples.
Calculations
Callbratlon curves were constructed by plottmg the ratlo of the peak area of thymme and BU to that of their respective mternal standards (CU and IU) as a function of the sample thymme or BU content. The best-fit straight lme was determined usmg the method of least squares. The thymme and BU concentrations of unknown samples were calculated from the least-squares regression lme of the cahbration curve
RESULTS AND DISCUSSION
Under the described conditions, the retention times of the bis(tnmethylsily1) (his-TMS) derivatives of thymlne, CU, BU and IU were 6.77, 7 34, 8 01 and 8.82 mln, respectively Fig. 1 shows the total-ion chromatographic (TIC) profile of a mixture of nucleic acid bases and 5halouracils derlvatized with BSTFA. Complete resolution of all peaks has been achieved Fig. 2 depicts the mass spectra of the his-TMS derivatives of thymme and its internal standard, CU. Fig 3 depicts the mass spectra of the bls-TMS derivatives of BU and its internal standard, IU. As shown m these figures, the EI mass spectra of the his-TMS derivatives display the typical fragmentation pattern a small but slgnlficant molecular ion (M)+ peak, the base peaks at (M -15)+ representing loss of a methyl group, and the characteristic TMS fragments at m/z 73 and 147 [lo, II] .
To achieve maxunum sensitivity in BU quantitation, we monitored in the SIM mode m/z at 319 and 321, the isotopic tively. The best-fit lines were obtamed usmg hnear regression analyses. The results of the regression analyses for thyrnme and BU were y = 0.000570x + 0 00283
(r = 0 9995) and y = 0 00377~ + 0.000569 (r = 0.9977), respectively. The accuracy and precison of the method were assessed by seedmg water at thymme and BU concentrations of 200,lOOO and 1500 ng per 0.10 ml thymme and 2.6, 10.4 and 20.8 ng per 0.10 ml BU Triplicate quality-control samples at each concentration were assayed on each of three consecutive days. Tables I  and II give the results of this expernnent. The precision of the assay was found to have coefficients of variation (C V.) ranging from 4.2 to 7.1% and from 4.6 to 10 2% for thymme and BU, respectively The concentration means for the seeded control samples were found to be within -0.7 to 7.4% and -4.4 to 5.8% of the theoretical values for thymme and BU, respectively. Apphcatlon of the method developed is demonstrated in Fig. 4 and Table  III . V79 cells m culture were exposed for a period of 40 h to medium contaming 0, 0.03, 0.10, 0.30 or 1.0 PM BUDR. After isolation and hydrolysis of the DNA, the samples were analysed as to their thymme and BU content Fig. 4 illustrates the TIC profile and the extracted-ion profiles (EIP) of the sample prepared from DNA isolated from cells exposed to 1 0 pM BUDR No mterfermg peaks were seen in the DNA hydrolysate preparations. Table  III summarizes the results of this experiment. As shown m Table III , exposure to BUDR under the expenmental conditions resulted in mcreasmg percent thymidme substitution by the 5halo-2'-deoxyuridme, BUDR, ultimately reaching 28%.
Since the average DNA content of a diploid mammahan cell is on the order of 6 pg per lo6 cells, with a guamne/cytosme content of about 40% [12] , quantitative recovery of thymme from the hydrolyzed DNA of 10' cells should yield 69 5 ng (0 55 nmol). In experiments not shown here were recovered 44.4 ng (0.35 nmol) thymme from lo5 V79 cells. Based on a mmimum detectable level of BU of 1.2 ng (0.006 nmol) we should, therefore, be able to measure replacement on the order of 2% using lo5 V79 cells.
As previously mentioned, the GC-MS-SIM method described here can quantitatively determine the amount of DNA thymme replacement by BU m as few as lo5 cells. In confirmation of prior studies, we have found, using external beam radiotherapy, that the enhancement factor for radiosensitivity m the v79 cell line is a direct function of the percent thymme replacement by BU. Thus procedure can also be used in conJunctron with the monoclonal antibody/fluorescence activated cell sorting (FACS) techniques to correlate the FACS distributions with DNA thymme replacement by BU. And finally, m as much as 10' cells can be readily obtamed by needle biopsy techniques, this method should be applicable to multiple sampling m animal and patient studies. This will allow the correlation of routes and schedules of BUDR admmistration with appropriate target effect, 1.e BU replacement of thymme m tumor and normal tissues (such as bone marrow).
